PhyR represents a novel alphaproteobacterial family of response regulators having a structure consisting of two domains; a predicted amino-terminal extracytoplasmic function (ECF) sigma factor-like domain and a carboxy-terminal receiver domain. PhyR was first described in Methylobacterium extorquens AM1, in which it has been shown to be essential for plant colonization, probably due to its suggested involvement in the regulation of a number of stress proteins. Here we investigated the PhyR regulon using microarray technology. We found that the PhyR regulon is rather large and that most of the 246 targets are under positive control. Mapping of transcriptional start sites revealed candidate promoters for PhyR-mediated regulation. One of these promoters, an ECF-type promoter, was identified upstream of one-third of the target genes by in silico analysis. Among the PhyR targets are genes predicted to be involved in multiple stress responses, including katE, osmC, htrA, dnaK, gloA, dps, and uvrA. The induction of these genes is consistent with our phenotypic analyses which revealed that PhyR is involved in resistance to heat shock and desiccation, as well as oxidative, UV, ethanol, and osmotic stresses, in M. extorquens AM1. The finding that PhyR is involved in the general stress response was further substantiated by the finding that carbon starvation induces protection against heat shock and that this protection is at least in part dependent on PhyR.
Aerial parts of plants are exposed to UV radiation, rapid changes in temperature, and low water and carbon availability. As a consequence, they have been described as a harsh environment (26) . Members of the Alphaproteobacteria belonging to the genus Methylobacterium are ubiquitous and abundant on plant leaf surfaces (8, 18, 43) . A previous study using Methylobacterium extorquens AM1 as a model organism led to identification of candidate proteins potentially involved in bacterial phyllosphere colonization (13) . PhyR (for phyllosphere-induced regulator) is one of these proteins. Using a phyR deletion mutant strain, we demonstrated that PhyR is essential for plant surface colonization (13) .
PhyR is composed of an amino-terminal effector domain that exhibits sequence identity with the family of extracytoplasmic function (ECF) sigma factors and a carboxy-terminal response regulator receiver domain. Proteome analysis revealed that different proteins related to stress responses were more abundant in a phyR-overexpressing strain than in a phyR deletion strain, suggesting that PhyR acts as a positive regulator. Among the proteins induced in the phyR-overexpressing strain were proteins involved in stress response, such as a heat shock protein (Hsp20), catalase (KatA), the DNA protection protein (Dps), and lactoylglutathione lyase (GloA) (13) . These results, in addition to the prediction that PhyR orthologues are present in essentially all free-living Alphaproteobacteria (12, 13) , suggest that PhyR not only is essential for epiphytic growth but also has a more global role in stress response physiology in Alphaproteobacteria.
In response to various stress or starvation stimuli, bacteria change their physiology to become more resistant to the present conditions and to future stress that they may encounter in their natural habitat. This so-called general stress response has been extensively studied in Escherichia coli and Bacillus subtilis, in which S (RpoS) and B (SigB), respectively, were identified as master regulators controlling the response (4, 11, 15, 24, 28) . The signal transduction pathways of these key regulators have been intensively investigated, and their complexity has been demonstrated (for reviews, see references 14, 22, and 34) . Pioneering conclusions that emerged from the study of S and B were successfully applied to a number of other bacteria that contain homologues of these two regulatory proteins, including the human pathogens Salmonella, Listeria, and Staphylococcus (25, 51, 52) . Some bacterial taxa, such as the alpha subdivision of the Proteobacteria, however, lack orthologues of S and B genes (37) . The general stress response has been described for some Alphaproteobacteria. It was notably shown that Rhizobium leguminosarum bv. phaseoli and Caulobacter crescentus acquire cross-resistance to various stresses upon starvation (36, 44) ; however, little is known about the underlying molecular basis.
In the present study, we investigated the PhyR regulon at the transcriptional level. The results led us to test and demonstrate the importance of PhyR in M. extorquens AM1 during various stress conditions and further supported our previous hypothesis that PhyR is involved in the general stress response of this member of the Alphaproteobacteria. The results are discussed with respect to the occurrence of phyR in other Alphaproteobacteria.
MATERIALS AND METHODS
Bacterial strains and growth conditions. M. extorquens wild-type strain AM1 and strains ⌬phyR::kanR and ⌬phyR::kanR/pBG11 (13) were used in this study. The strains were grown at 28°C on minimal medium (MM) (10) containing 18.5 mM sodium succinate and 120 mM methanol.
RNA sample preparation. Overnight cultures of the wild-type, ⌬phyR::kanR, and ⌬phyR::kanR/pBG11 strains were diluted 1/10 in fresh MM supplemented with methanol and succinate and grown to mid-exponential phase (optical density at 600 nm [OD 600 ] ϭ 1). For heat shock, 10-ml mid-exponential-phase cultures were incubated at 42 or 28°C (control) for 5 min prior to harvest. Then 0.1 volume of an ice-cold stop solution (5% phenol in ethanol) was added, and the cultures were harvested by centrifugation at 4,000 rpm for 10 min at 4°C. Total RNA was extracted using an RNeasy kit (Qiagen). Lysis was performed for 5 min by bead beating with a TissueLyser (Qiagen), using 0.1-mm zirconia beads (Biospect Products Inc.). After elution, SuperAsin was added at a final concentration of 1 U/l. Total RNA was treated twice with DNase I (Ambion) using 0.5 U of DNase per g of RNA for 1 h at 37°C. DNase-treated RNA was cleaned up with the RNeasy kit after each DNase treatment. The absence of contaminating DNA was checked by PCR. RNA concentrations were determined using a NanoDrop ND1000 spectrophotometer, and RNA integrity was determined using an Agilent 2100 bioanalyzer according to the manufacturer's instructions.
Labeling of hybridization probes, microarray hybridization, and analyses. Sixty-mer oligonucleotide microarrays of M. extorquens AM1 were generated by Agilent Technologies (Agilent Technologies, Santa Clara, CA). They were based on the gapped sequence M. extorquens AM1 genome (6.5ϫ coverage) (http: //www.integratedgenomics.com/genomereleases.html#list6) and were designed and tested as described previously (30) . Hybridization probe preparation, microarray hybridization, and scanning were performed by MOgene, LC, United States, as were basic data analyses. A SAM analysis (one class; default settings; false discovery route (FDR), 4.415904%) was performed with normalized data from three independent replicates. From this list, genes with an average change of at least twofold and an initial P value of Ͻ0.05 for each replicate were considered to be significantly differentially expressed. Differentially expressed genes were manually annotated.
RACE PCR. 5Ј Rapid amplification of cDNA ends (RACE) PCR was performed using a 5Ј/3Ј RACE kit (second generation; Roche) according to the manufacturer's instructions. Briefly, 2 g of RNA from strains ⌬phyR and ⌬phyR/pBG11 for the RMQ09549, RMQ01575, RMQ02894, RMQ06760, RMQ05258, and RMQ12010 genes or from the wild type with and without heat shock treatment for the RMQ12794, RMQ08198, and RMQ08196 genes was used for cDNA synthesis. After poly(A) tailing, cDNA was used in a first PCR, and a nested PCR was performed when necessary (for the primers used, see Table S1 in the supplemental material). PCR products were either gel purified and sequenced or cloned into the TOPO cloning vector (Invitrogen) and transformed into TOP10 cells (Invitrogen). Selected plasmids were then sequenced.
Disk diffusion assays. Bacteria were grown in MM to an OD 600 of 1. Bacterial suspensions (5 ml) were then mixed with 100 ml of 42°C prewarmed MM soft agar (0.75% agar), and 4-ml portions of this mixture were poured on solid MM. Disks were placed at the center of the plates, and aliquots (5 l) of 5.55 M methylglyoxal, 10 M hydrogen hydroperoxide, or 12 M formaldehyde were deposited on the filter disks. The diameters of growth inhibition areas were measured after incubation at 28°C for 3 days.
Heat shock resistance assays. Bacteria were grown in 20 ml of MM in 100-ml flasks to an OD 600 of 1. The flasks were then transferred to 55°C, and 100-l aliquots were collected before and after 20, 30, and 40 min of heat exposure. The suspensions were diluted and plated, and colonies were counted after 3 days of incubation at 28°C. For starvation experiments, cultures that reached an OD of 1 were centrifuged to collect the cells. Cells were washed once with 20 ml of carbon-free MM and resuspended in the same solution. Bacteria were then incubated in flasks overnight at 28°C with shaking before transfer to 55°C.
Desiccation resistance assays. Dilution series of exponentially growing cells that reached an OD 600 of 1 were spotted on the surface of cellulose filters (type HA; 0.45 m; Millipore, United States). Filters were then briefly dried for 1 min (control) or for 3 days under a sterile airflow in a hood before they were placed on MM plates.
UV resistance assays. Dilution series of exponentially growing cell cultures that reached an OD 600 of 1 were plated. The plates were exposed to 254-nm UV light (400 W per cm 2 ) using an LF-206.LS lamp (UVITEC, United Kingdom) for 30 s (the control was not exposed to UV light). The CFU on plates were counted after 3 days of incubation at 28°C.
Microarray data accession number. The microarray data have been deposited in the GEO database.
RESULTS

Identification and analysis of the PhyR regulon.
In our previous study, we identified a set of genes that are regulated by PhyR via proteome analysis using two-dimensional gel electrophoresis (13) . Since this analysis was not exhaustive and the structure prediction suggested that PhyR may act as a transcriptional regulator, we investigated the influence of PhyR on the transcriptome of M. extorquens AM1 using microarray technology (30) . To do this, we compared the transcriptional profile of a phyR overexpression strain with that of a phyR deletion strain as described previously, assuming that PhyR overproduction mimics PhyR activation and in order to avoid any basal activity (13) . In total, we found 246 genes whose levels of expression were significantly different in the two strains (see Table S2 in the supplemental material). The majority of these genes (229 genes) were upregulated in the phyRoverexpressing strain, reinforcing the hypothesis that PhyR acts as a transcriptional activator. Genes differentially expressed at the transcriptional level encoded 19 of the 42 gene products previously identified at the protein level. The level of a 20th gene, encoding a putative superoxide dismutase (RMQ02531), was just below the threshold level used in this study. This overlap is in agreement with the results obtained in comparable studies (40, 49) .
Of the 17 downregulated genes in the phyR-overexpressing strain, 11 code for hypothetical proteins and 3 code for putative sensor or regulatory proteins (see Table S2 in the supplemental material). As mentioned above, the majority of PhyRregulated genes were induced. About one-half of these genes encode hypothetical proteins; about 60 encode proteins involved in metabolism, and 11 encode putative proteins involved in sensing and regulation. Interestingly, we found several genes that are typically associated with stress responses (Table 1 ). The katE gene is one of these genes. katE encodes a protein that is homologous (42% identity) to the RpoSregulated E. coli catalase KatE (38) that detoxifies hydrogen peroxide, a reactive oxygen species produced during aerobic metabolism. The htrA, ibpA, grpE, dnaK, and cbpA genes are induced in the phyR-overexpressing strain. These genes encode chaperone/cochaperone proteins or proteases which have been found to be important for resistance to stress, such as heat shock and oxidative stress, in other bacteria (21, 27, 42) . An rpoH gene is present in the phyR regulon; in E. coli, this gene encodes an alternative sigma factor necessary for growth at elevated temperatures (53) . Other genes involved in resistance to oxidative stress (dps [29] and osmC [7] ), UV radiation (uvrA [45] and dps [29] ), and osmotic stress (mscL [2] ) belong to the regulon, as do two gloA homologues which encode lactoylgluthatione lyase. This enzyme is involved in methylglyoxal conversion; it detoxifies this electrophilic compound that accumulates during metabolism imbalance and damages DNA and proteins (3) . Other genes that have unknown functions but typically are induced by various stresses, such as csbD and yciF (1, 17) , are also among the PhyR-induced genes ( Table 1) .
The following three genes located in the phyR region on the M. extorquens AM1 chromosome are upregulated in the overexpressing strain: RMQ12794, RMQ08197, and RMQ08196, which encode hypothetical proteins (Table 1 and Fig. 1 ). RMQ12794 is highly conserved in Alphaproteobacteria and co- . Interestingly, all three paralogues were found to be induced in a PhyR-dependent way (Table 1) . In order to identify common features in the promoter region of the genes of the PhyR regulon, we mapped the transcriptional start sites of nine PhyR-activated genes. These genes were selected based on their typical stress-related functions or their colocalization with phyR on the chromosome. We used the same RNA sample preparation that was used for microarray experiments for all genes except phyR itself and genes located in the same region, for which we used RNA extracted from the wild-type strain due to the eventual disturbance of the region caused by the phyR deletion. RACE was successfully used to determine the transcriptional start sites of these genes, and the results are shown in Table 1 and Fig. 1 . One of these genes (RMQ09549) did not exhibit any recognizable promoter, and three of them (RMQ02894, RMQ01575, and RMQ06760) had a Ϫ35 element exhibiting some similarities to 32 -or 70 -dependent promoters (see Fig. S1 in the supplemental material). Five genes (RMQ05258, RMQ12010, RMQ12794, RMQ08196, and RMQ08198 [phyR]) have a typical ECF-type promoter with the consensus sequence GGAAC-N 16,17 -CGTT (23, 39) ( Table 1 and Fig. 1) . Two of these genes, RMQ12794 and RMQ08196, are present in the phyR region. We then searched for this ECF-type promoter sequence upstream of all PhyR-induced genes. We localized this strikingly conserved element upstream of a total of 102 genes (81 transcriptional units) (see Fig. S2 in the supplemental material) .
PhyR is involved in resistance to various stresses. Microarrays and proteomic analyses revealed that PhyR upregulates a number of genes that have been shown to be involved in stress resistance in different organisms. This prompted us to evaluate the importance of PhyR for resistance to various stress conditions. The involvement of phyR in resistance to hydrogen peroxide, methylglyoxal, heat shock, ethanol, osmotic stress, UV radiation exposure, and desiccation was evaluated and is described below.
The induction of a predicted catalase and lactoylglutathione lyase in the phyR-overexpressing strain at the protein level as well as the transcriptional level (13) ( Table 1) led us investigate the eventual importance of PhyR in resistance to hydrogen peroxide and methylglyoxal, respectively. Resistance to formaldehyde was also tested, as a putative glutathione-dependent formaldehyde dehydrogenase was identified in the PhyR regulon (13) ( Table 1) . Disk diffusion assays were used to evaluate the relevance of PhyR. The phyR deletion strain was found to be more sensitive to hydrogen peroxide and methylglyoxal than the wild type and the complemented strain. However, no significant difference was observed for formaldehyde (Fig. 2) . This is not surprising, as conversion via the tetrahydromethanopterin-dependent pathway is the principal route used for detoxification of this toxic metabolite (5, 6, 48) .
The presence of homologues of rpoH, htrA, and dnaK in the phyR regulon led us evaluate the importance of phyR during heat shock, as these genes are known to be involved in resistance to this stress in other bacteria (27, 42, 53) . The levels of survival of the three test strains were compared after different periods of incubation at 55°C. The ⌬phyR strain lost viability more rapidly over time than the wild type and the complemented strain. For example, the proportion of surviving cells of the phyR mutant strain was 10-fold lower than the proportion of surviving cells of the wild type or the complemented strain after 40 min of exposure to elevated temperatures (Fig. 3 ) (see below), clearly demonstrating the importance of phyR for heat shock resistance.
The data for a few genes present in the PhyR regulon, including homologues of dps and uvrA, suggest that these genes could be involved in UV light resistance,. These two genes encode a DNA binding protein induced during starvation and a subunit of the UvrABC complex that is responsible for DNA lesion recognition and repair, respectively (29, 45) . Although no differences between the three strains were observed on the unexposed control plate, the proportion of the ⌬phyR mutant cells able to form colonies after UV exposure was strongly affected and was found to be 100 times lower than the proportions of the wild-type and complemented strain cells (Fig. 4) . This also shows the importance of PhyR for protection against UV light. Intriguingly, we noted that the phyR mutant strain is less pigmented than the wild type, as judged by the less intense pink color (Fig. 5) . Diminished pigmentation of the mutant compared to the wild type might be explained by the presence of RMQ04997 and RMQ04999 in the phyR regulon (Table 1 ). These two genes encode a putative homologue of Staphylococcus aureus CtrQ, which is a glycosyl transferase involved in the synthesis of the carotenoid staphyloxanthin (32) , and a phytoen desaturase known to be essential for pigmentation in M. extorquens AM1 (46), respectively. Carotenoids are known to be major scavenger molecules protecting against radiation and oxidative stress (41) . Thus, their production is linked directly to stress resistance. It is therefore interesting to find that pigmentation seems to be at least partially controlled by PhyR in this phyllosphere colonizer.
Besides radiation, desiccation is a stress that is encountered in the phyllosphere. We therefore determined whether the phyR mutant has a defect in drought tolerance. We compared the resistance levels of the phyR deletion strain and the wildtype and complemented strains under drought conditions. To do this, we determined the number of bacteria able to form colonies after exposure on filters to a sterile airflow for 3 days. In a control experiment, filters were placed directly on agar plates and incubated. No difference between strains was observed on untreated filters. However, the desiccation experiment revealed that the phyR mutant was more sensitive than the wild type and the complemented strain, showing a Ͼ100-fold reduction in viability (Fig. 6) .
In order to determine whether PhyR is involved in salt and ethanol tolerance, we compared the abilities of all three strains to grow on agar plates in the presence of 100 mM NaCl or 2% ethanol. No growth differences were observed on control medium. However, growth of the ⌬phyR strain was delayed compared to growth of the wild type in the presence of NaCl or ethanol; after 3 days of incubation the ⌬phyR strain was hardly visible (Fig. 5) .
In Gammaproteobacteria, S , the master gene regulator involved in the general stress response, is responsible for resistance to multiple stresses. It is also responsible for the capacity of cells to become more resistant to stress after a sublethal stress treatment (24, 28) . As phyR plays a role in resistance to FIG. 2 . Hydrogen peroxide, methylglyoxal, and formaldehyde resistance of the M. extorquens wild-type AM1, ⌬phyR, and complemented ⌬phyR/pBG11 strains as determined by disk diffusion assays. Exponential-phase cells were mixed with MM soft agar and overlaid onto MM agar plates. Disks (diameter, 5 mm) were placed on each plate, 5 l of 10 M H 2 O 2 (A), 40% methylglyoxal (B), or 12 M formaldehyde (C) was added to each disk, and the plates were incubated at 28°C for 3 days. The data indicate the diameters of the inhibition halos and are the means for three plates for each strain from three independent experiments; the error bars indicate the standard errors of the means. WT, wild type. FIG. 3 . Thermal resistance of the M. extorquens wild-type AM1, ⌬phyR derivative, and complemented ⌬phyR/pBG11 strains. Cultures were grown at 28°C in MM containing methanol and succinate to an OD 600 of 1. They were then directly challenged at 55°C or subjected to overnight carbon starvation before heat shock. Viability was determined by plating on solid minimal medium. WT, wild type. (Fig. 3 ). As described above, the phyR deletion mutant was less viable than the wild type during heat shock. After starvation pretreatment, a protective effect could also be observed for the phyR mutant strain, although it was incomplete (Fig. 3) , which was indicative of partial involvement of PhyR in this cross-protection test.
DISCUSSION
In the present study, we investigated the PhyR regulon of M. extorquens AM1 using microarray technology. We found that PhyR positively regulates 229 genes, including a conspicuous number of genes encoding predicted stress proteins. This finding is consistent with our phenotypic analysis that revealed that PhyR is involved in resistance to heat shock, desiccation, UV radiation, oxidative, and osmotic stresses. The multitude of stress resistance responses associated with PhyR and our demonstration that PhyR is involved in cross-protection provide striking parallels with the insights that have been obtained for S and B and have resulted in the concept of master regulators of the general stress response in Gammaproteobacteria (in particular, E. coli) and gram-positive bacteria (in particular, B. subtilis), respectively. Similar phenotypic observations regarding PhyR and these global regulators of the general stress response were made. Both S and B have been shown to be involved in heat shock, ethanol, oxidative, and osmotic stress (11, 15, 24, 28, 47) . Also, the regulons of these master regulators have been described to be large and to share common key genes involved in the stress response, such as katE, dps, and osmC, which are also part of the PhyR regulon (31, 33, 35, 50) . The significance of these master regulators of general stress in the natural environment of bacteria has been widely discussed (14, 16) , and it is interesting to note that we demonstrated the importance of PhyR for the phyllosphere lifestyle of M. extorquens AM1 in our previous study (13) . Considering all the data, we concluded that PhyR is involved in the general stress response of this member of the Alphaproteobacteria.
The conclusion that PhyR is involved in the general stress response, however, is of interest not only for M. extorquens. teobacteria and PhyR is restricted to this taxon, we may speculate that PhyR is important for stress resistance in other Alphaproteobacteria as well (13) . The fact that phyR homologues are induced in response to various stressful conditions in other Alphaproteobacteria (9, 19, 20, 39) is in agreement with this assumption.
Although we have strong indications that PhyR is involved in the general stress response of M. extorquens AM1, so far it is not known how PhyR itself is regulated. Furthermore, it is currently not known how PhyR activates its targets. Intriguingly, PhyR contains a predicted ECF sigma factor-like domain, and whether PhyR acts as a bona fide sigma factor is a question that remains to be answered (13) . We identified a conserved promoter motif for ECF sigma factors upstream of about one-third of the 248 genes regulated by PhyR, which could be in agreement with the hypothesis that PhyR recognizes these sequences. However, the possibility that PhyR may not function as a sigma factor or a DNA-binding protein and the possibility that the protein is indirectly involved in gene regulation should also be considered. In this context, it is worth noting that we identified an ECF sigma factor as part of the PhyR regulon. This might be an alternative candidate involved in promoter recognition of at least some of the PhyR-regulated genes. Additional studies have to be performed to discriminate between these hypotheses. Interestingly, an ECF sigma factor encoded by rpoE2, located next to SMc01504, a phyR-like gene in Sinorhizobium meliloti (Fig. 7) , has recently been found to act as a general stress response regulator since many typical stress genes are under rpoE2 control (39) . No stress resistance defect in an rpoE2 mutant strain could be demonstrated (39) . Therefore, questions regarding general stress response regulation remain open and require more in-depth analysis. It is, however, striking that the same ECF-type promoter was described for genes in both regulons. Taken together, phyR-like genes and rpoE2 homologues are prime candidates for further investigation of the general stress response in Alphaproteobacteria. In addition, our study and that of Sauviac et al. (39) provide circumstantial evidence that additional genes in the phyR genome region might be important in the same signaling pathway. Interestingly, there is a microsyntheny at the phyR locus of Alphaproteobacteria; a conserved small open reading frame followed by an rpoE2 homologue is present in the opposite direction and upstream of phyR-like genes (Fig. 7) . Also, one or two histidine kinases are associated with phyR-like genes in various Alphaproteobacteria (12) (Fig. 7) . With respect to the genomic context, the genus Methylobacterium appears to be an exception, since no ECF sigma factor and no histidine kinase-encoding genes are located close to phyR. Elucidating the PhyR signaling pathway that enables the cell to cope with multiple stresses and determining whether its regulation is conserved in other Alphaproteobacteria remain major objectives.
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